Transport Spectroscopy of a Kondo quantum dot coupled to a finite size grain. 
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We analyse a simple setup in which a quantum dot is strongly connected to a metallic grain or 
finite size wire and weakly connected to two normal leads. The Kondo screening cloud essentially 
develops in the strongly coupled grain whereas the two weakly connected reservoirs can be used as 
transport probes. Since the transport channels and the screening channels are almost decoupled, 
such a setup allows an easier access to the measure of finite-size Kondo effects. 
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I. INTRODUCTION 

One of the most remarkable achievements of recent 
progress in nanoelectronics has been the observation of 
the Kondo effect in a single semi-conductor quantum 
dotii2i^ When the number of electrons in the dot is odd, 
it can behave as an S" = 1/2 magnetic impurity interact- 
ing via magnetic exchange with the conduction electrons. 
One of the main signatures of the Kondo effect is a zero- 
bias anomaly and the conductance reaching the unitary 
limit 2e^/h at low enough temperature T < T^. 
stands for the Kondo temperature and is the main energy 
scale of the problem. At low temperature, the impurity 
spin is screened and forms a singlet with a conduction 
electron belonging to a very extended many-body wave- 
function known as the Kondo screening cloud. The size of 
this screening cloud may be evaluated as « hvp/T^ 
where is the Fermi velocity. In a quantum dot, the 
typical Kondo temperature is of order 1 K which leads 
to ~ 1 micron in semiconducting heterostructures. 
Finite size effects (FSE) related to the actual extent of 
this length scale have been predicted recently in different 
geometries: an impurity embedded in a finite size hox^ 
a quantum dot embedded in a ring threaded by a mag- 
netic flux(^i£i£i^ and a quantum dot embedded between 
two open finite size wires (OFSW) (by open we mean 
connected to at least one external infinite lead)i2ilfi In 
the ring geometry, it was shown that the persistent cur- 
rent induced by a magnetic flux is particularly sensitive 
to screening cloud effects and is drastically reduced when 
the circumference of the ring becomes smaller than 
In the wire geometry, a signature of the flnite size ex- 
tension of the Kondo cloud was found in the tempera- 
ture dependence of the conductance through the whole 
systemi^iifi To be more precise, in a one-dimensional ge- 
ometry where the flnite size I is associated to a level spac- 
ing A, the Kondo cloud fully develops if <S^l, a condi- 
tion equivalent to 3> A. On the contrary, FSE effects 
appear if C% > I or T'^ < A. 

Nevertheless, in such a two-terminal geometry, the 
screening of the artiflcial spin impurity is done in the 
OFSWs which are also used to probe transport prop- 



erties through the whole system. This brings at least 
two main drawbacks: flrst, the analysis of FSE relies 
on the independent control of the two wire gate volt- 
ages and also a rather symmetric geometry. This is diffl- 
cult to achieve experimentally. In order to remedy these 
drawbacks, we propose and study here a simpler setup in 
which the screening of the impurity occurs mainly in one 
larger quantum dot or metallic grainii or OFSW and the 
transport is analyzed by help of one or two weakly cou- 
pled leads. In practice, a lead weakly coupled to the dot 
by a tunnel junction allows a spectroscopic analysis of the 
dot local density of states (LDOS) in a way very similar 
to a STM tip. The rather general geometry we study is 
depicted in Fig. We note that this geometry has also 
been proposed by Oreg and Goldhaber-Gordoni^ to look 
for signatures of the two-channel Kondo flxed point or 
by Craig et alM^ to analyze two quantum dots coupled to 
a common larger quantum dots and interacting via the 
RKKY interaction. In the former case, the key ingredi- 
ent is the Coulomb interaction of the grain whereas in 
the latter, the grain is largely open and used simply as a 
metallic reservoir mediating both the Kondo and RKKY 
interactions. Here we are interested in the case where 
flnite-size effects in the larger quantum dot or metallic 
grain do matter whereas in the aforementioned experi- 
ments the level spacing was among the smallest scales. 

The plan of the paper is the following: in section 2, 
we present the model Hamiltonian and derive how the 
FSE renormalizes the Kondo temperature in our geome- 
try. In section 3, we show how FSE affect the transport 
properties of the quantum dot and perform a detailed 
spectroscopic analysis. The effect of a flnite Coulomb 
energy in the grain is also discussed. Finally section 4 
summarizes our results. 



II. PRESENTATION OF THE MODEL 

A. Model Hamiltonian 

The geometry we analyze is depicted in Fig. In this 
section we assume that the large dot is connected to a 
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FIG. 1: Schematic representation of the device under analysis. 
When the grain Coulomb blockade energy is not neglected, we 
assume that the grain potential can be controlled by a voltage 
gate eo. 



third lead. We neglect the Coulomb interaction in the 
grain. As we will see in the next section, the Coulomb 
interaction does not affect the main results we discuss 
here. In order to model the finite-size grain connected 
to a normal reservoir, we choose for convenience a finite- 
size wire characterized by its length I or equivalently by 
its level spacing A ^ hvp /I- In fact, the precise shape 
of the finite-size grain is not important for our purpose 
as soon as it is characterized by a mean level spacing A 
separating peaks in the electronic density of states. We 
assume that the small quantum dot is weakly coupled to 
one or two adjacent leads (L and R). On the Hamiltonian 
level, we use the following tight-binding description, and 
for simplicity model the leads as one-dimensional wires 
(this is by no means restrictive) : H = Hl + Hr -\- Hq + 
Hdot + Htun with 

oo 

Hl = -t'^ (c],s,lCj+i,s,l + h.c.) - fJ,Lnj,s,L (1) 



Ho 
Hdot 

Htun 



-t ^ (c].s,oCj+i,s,o + h-c.) - MO'^j,s,0 (2) 
+ it - t')Y.^clsfi(^i+hs,o + h.c.) 

S 

^^dnd,s + Uud^ridi 

S 



(3) 
(4) 



s a=LM,0 



Hji is obtained from Hl by changing L —* R. Here 
Cj,s,a destroys an electron of spin s at site j in lead 
a — 0,L, R; Cd.s destroys an electron with spin s in the 
dot, nj^s,a = c] ,, Q,Cj>,Q, and nds = c^^Cds- The quan- 
tum dot is described by an Anderson impurity model, 
Erf, U are respectively the energy level and the Coulomb 
repulsion energy in the dot. The tunneling amplitudes 



between the dot and the left lead, right lead and grain 
are respectively denoted as tL,tR,to (see Fig. 1). The 
tunneling amplitude amplitude between the grain and 
the third lead is denoted as t' (see Fig. 1). Finally t 
denotes the tight binding amplitude for conduction elec- 
trons implying that the electronic bandwidth Aq ~ At. 
Since we want to use the left and right leads just as 
transport probes, we assume in the rest of the paper that 
^L, tR <C to- 

We are particularly interested in the Kondo regime 
where {ud) ~ 1. In this regime, we can map Htun + Hdot 
to a Kondo Hamiltonian by help of a Schrieffer- Wolff 
transformation: 



Hk — Htun + Hdot — ^ >/q/3c|_ 



(5) 

where Jaf3 = 2tatp{l/\ed\ + ^/{£d + Uj). It is clear that 
Joo > JoL,JoR > Jll,Jrr,Jlr- In Eq. 10, we have 
neglected direct potential scattering terms which do not 
renormalize and can be omitted in the low energy limit. 



B. Kondo temperatures 

The Kondo temperature is a crossover scale separating 
the high temperature perturbative regime from the low 
temperature one where the impurity is screened. There 
are many ways to define such scale. We choose the "per- 
turbative scale" which is defined as the scale at which the 
second order corrections to the Kondo couplings become 
of the same order of the bare Kondo coupling. Note that 
all various definitions of Kondo scales differ by a con- 
stant multiplicative facor (see for example Ref. for a 
comparison of the perturbative Kondo scale with the one 
coming from the Slave Boson Mean Field Theory). 

The renormaHzation group equations relate the Kondo 
couplings defined at scales Aq and A. They simply read: 



J„/3(A) « Ja/3(Ao) 

+ ^IZ-^a7(Ao)J7/3(Ao) 



Ao -A- 



LA -Ao 



(6) 



cLu 



where is the LDOS in lead 7 seen by the quantum dot. 
When the density of states are uniform, the RG equa- 
tions can be rewritten by introducing A, the matrix of the 
dimensionless Kondo couplings: Xa/i = ^PaPpJap^^ 
The Kondo temperature Tk may be therefore defined as 



U'k 



Tr(\{uo)) 



duj — 1. 



(7) 



Since Jqo ^ JlLtJrr, the Kondo temperature essen- 
tially depends on the LDOS in the lead and the Kondo 
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temperature definition can be well approximated by 



Jqo 
2 



r Ao 




IT/c 


-Ao J 



cLu — 1 



(8) 



When the lead becomes infinite (i.e. when t' ~ t), 
Pq{uj) — po = const and we recover Tk — Tf^ the 
usual Kondo temperature where a constant density of 
states is assumed. It is worth noting that including 
the Coulomb interaction in the grain does not affect 
much the Kondo temperature. The grain Coulomb en- 
ergy Eg slightly renormalizes Jqo in the Schrieffer-Wolff 
transformationiSeince Eg "C f/, |ed|- 

The LDOS po can be easily computed and corresponds 
in the limit i'^ <C to a sum of peaks at positions 
LJn — — 2i cosA:o,„ — ^0 of width 7„ « 2(t ) sm (fco,„) .^j^gj-g 
ko,n « TTn/{l + 1) + 0{t''^/tH) (Ref. 0). The LDOS po is 
very well approximated by a sum of Lorentzian functions® 
in the limit t' <^t : 



7rpo(w) 



l+l 



'sin^(fco^„) 



In 



(9) 



This approximation is quite convenient in order to esti- 
mate the Kondo temperature Tk through ijHJ . Note that 
the position of the resonance peaks may be controlled by 
the chemical potential ^o- Another possibility is to fix 
/io and to add a small transverse magnetic field which 
modifies the orbital part of the electronic wave function 
in the grain and therefore shift the resonance peak posi- 
tions. When the level spacing A„ ~ 27rtsinfco,n/^ is much 
smaller than the Kondo temperature T]^, no finite-size ef- 
fects are expected. Indeed, the integral in Q averages 
out over many peaks and the genuine Kondo temperature 
is Tk ^ T^- On the other hand, when T^ ~ A„, the 
Kondo temperature begins to depend on the fine struc- 
ture of the LDOS po and a careful calculation of the inte- 
gral in l|Sl is required. Two cases may be distinguished: 
either po is tuned such that a resonance w„ sits at the 
Fermi energy Ep = (labeled by the index R) or in a 
non resonant situation (labeled by the index NR). 
In the former case, we can estimate 



(A2 + 7,2) exp ( 



Joo(A„)p«(0); ^" 



7„exp 



1 



Joa( An)PoiO) J \A„y 



where we approximate the on-resonance LDOS at Ep = 
by 7rp^(0) « 2 sin^ ko^n/hn- In the latter case, we obtain. 



Ik — i-in exp 



A„ exp 



tt/A 



16Joo(A„)sin^(fco,„)7^ 
Joo(A„)po^«(0)j"'^HA;j ^^^^ 



where npQ^'{0) « 167„ sin^ fco.n/^^^- These two scales 
are very different when t'^ <C t^. By controlling po, we 
can control the Kondo temperature (only when Tk < A). 
The main feature of such geometry is that the screening 
of the artificial spin impurity is essentially performed in 
the open finite-size wire corresponding to lead 0. Now 
we want to study what are the consequences of FSE on 
transport when one or two leads are weakly coupled to 
the dot. This is the purpose of the next section. 



III. TRANSPORT SPECTROSCOPY OF A 
QUANTUM DOT COUPLED TO AN OPEN 
GRAIN 



In this section, we consider a standard three-terminal 
geometry as depicted in Fig. Qand analyze the conduc- 
tance matrix of the system. There are several approaches 
we may combine to obtain such quantity for the whole 
temperature range. Nonetheless, before going into these 
details, let us analyze the dot density of states in presence 
of FSE in the grain. 



A. Density of states 

We have used the Slave Boson Mean Field Theory 
(SBMFT)^^ in order to calculate the dot density of states. 
This approximation describes qualitatively well the be- 
havior of the Kondo impurity at low temperature T < Tk 
when the impurity is screened. This method has been 
roved to be efficient to capture finite size effects in Ref. 
The main advantage of the SBMFT relies on its abil- 
ity to qualitatively reproduce the energy scales of the 
problem (here the Kondo temperature). 

An interesting quantity to look at is the dot density of 
states pd{oj). The density of states can be read from the 
differential conductance as follows: The current in the 
left electrode II readsti^ 



h 



[27r/(c^ - PL)pd{io) - G< (u;)] dcj, (12) 



where pd is the dot LDOS, G<{uj) = / e"^*{dU{t)) the 
lesser Green function for the dot and T^/ji — T^t\/fiPL/R- 
The standard procedure is to get rid of the lesser dot 
Green function using the current conservation (here 
II + Ir + h = 0). Nevertheless, such procedure is 
useful only when the leads density of states can be as- 
sumed constant on the typical scale we are interested in. 
This is not the case here because of the variations of 
ro(w) = 7rtQPo('^)- Nevertheless, one can make progress 
by assuming F^/j^ <C Tq{u!) such that for low bias the dot 
Green functions weakly depend on the chemical potential 
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in the left and right leads. Therefore 



2e^ 



-4rr 



cLo 



TTpdiiU + ^L)duJ, (13) 



which allows an experimental access to pdinh)- Note 
that a similar approximation is used for STM theory with 
magnetic adatomsii. We have plotted pd(w) in Fig. [Jlfor 
both the non-resonant case and the on-resonance case for 
three different values of ^^/Z. We took the following pa- 
rameters in units of i = 1: to = 0.5, = tfi = 0.1 
(therefore tl « tg), t' = 0.5, and I ~ 1000a (a the 
lattice constant) or equivalently A ~ 0.006. The Kondo 
energy scale can be varied using the dot energy level 
ed which is controlled by the dot gate voltage. When 
» A, no finite-size effect is to be expected. In this 
case, Pd{<^) mimics the density of state in the lead but is 
shifted such that an off-resonance peak in the lead cor- 
responds to a dot resonance peak. The various peaks 
appearing in pd are included in an envelope of width 
0(T]^) ^ A (which is a broader range than the figure 
actually covers for = A/T°. ~ 0.15). This can be 
simply understood from a non-interacting picture valid 
at T = 0. The non-interacting dot Green function reads 



Gdd{(^) 



1 



LO — Ed — 5e{Lo) + iV^iuj) ' 



(14) 



where 5t is the real part of the dot self-energy and Fq its 
imaginary part. The minima's of Fq thus correspond to 
the maxima of —Im{Gdd)- We also note that the reso- 
nance peak is slightly shifted from w = in this limit. 
Therefore the 2-terminal conductance does not reach its 
unitary limit (i.e. its maximum non interacting value). 
This is due to the fact that we took = —0.68 and we 
are not deep in the Kondo regime. Particle-hole symme- 
try is not completely restored in the low energy limit. 

On the other hand, when > I (Tg- < A), pd 
changes drastically. The fine structure in the grain den- 
sity of states no longer shows up in pd- In the off- 
resonance case, only the narrow Kondo peak of width 
<C mainly subsists for Q^/l = 5 (upper panel 
of Fig. [SJ. We can also show that the position of the 
small peaks at a; ~ ±A/2 for ^ I are related to the 
resonance peaks in lead 0. We also note that the narrow 
peak is this time almost ai uo — Ep = i.e. particle-hole 
symmetry is restored. In order to reach large value of 

, we took small values of such that we are deep in 
the Kondo regime where no ^ ^■ 

In the resonant case, the Kondo peak is split for » 
I. By approximating 



Fo(w)«ioSin (fco.n)^- — n' 



(15) 



at a resonance n, one can well understand the structure of 
Pd with the SBMFT. When > 7„, one can show that 

the peak splitting is of order ~ 2w7„r^ and the peaks 





0.006 



FIG. 2: Dot density of states pd(t<j) for both the non reso- 
nant case (upper panel) and the resonant case (lower panel). 
We took A ~ 0.006 and plot pd for = A/T]^ ~ 0.15, 

CSr/^ = A/Tj^ ~ 1 and = A/T]^ ~ 5. Note that pa 

has been scaled by h^, the slave boson parameter for an easy 
comparison between both cases. 



width is of order 7„ . We have shown that the dot density 
of states Pdi^) has interesting features at T = where 
FSE can be clearly identified. Let us summarize them: 
First, when T^. A, pd has several peaks embedded in 
an enveloppe of width ~ T'^ associated with the grain 
one-particle levels and one or two Kondo peaks in the 
opposite limit <C A. Second, the position of the 
peaks and their widths depend on the grain being on- or 
off- resonance. 
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B. Finite temperature conductances 



In this section, we analyze the conductance matrix us- 
ing various methods. We start with the low temperature 
limit. 



1. Low temperature regime 

At T = 0, it is straightforward to show, using for ex- 
ample the scattering formahsmyi^ that the conductance 
matrix is simply given by 



^a,p — 



2e2 



4r„r 



/3 



h (FL + ro + r^ 



(16) 



where = Trtlpa{0), and a = 0, r. Since the SBMFT 
aims at replacing the initial Anderson Hamiltonian by 
a non-interacting one, one may easily access the con- 
ductance by directly applying the Landauer formula or 
equivalently by using 



(17) 

We have plotted in Fig. the conductance between 
the left lead L and the lead for both the on- and off- 
resonance cases. Note that in absence of Coulomb energy 
the density of states in the grain can be controlled by the 
chemical potential /io. 

The three upper curves correspond to the non-resonant 
cases whereas the three lower curves correspond to the 
resonant cases. In the standard case corresponding to 
Ca: ^ ^ (^K ^ the conductance qualitatively fol- 
lows the non interacting limit except at high temperature 
(here T > Tg- - 0.012) where the conduct ance falls down 
in the Kondo regime. The conductances corresponding 
to ^ are characterized by an abrupt increase of the 

conductance at their respective Kondo temperatures 
and which are lower than T^. 

The main signature of finite size effects occurs at an 
intermediate temperature T]^ > T ^ 0.001 > T^,T^^. 
In this temperature range, the conductance is already a 
fraction of its unitary limit value when ~ 0.15 ^ 1 
whereas it is still very low when ^^/i ~ 5 > 1. In this 
temperature range, significant deviations from the non- 
interacting limit are obtained for ^^/Z ^ 5 contrary to 
the case where ^^/Z ~ 0.15 . We also notice that the con- 
ductance for the on-resonance case is non monotonous. 
This is analyzed and confirmed analytically further using 
Nozieres' Fermi liquid approach. As anticipated before 
from the spectroscopic analysis, the unitary Hmit is not 
fully reached for the NR case at < /. It corresponds to 
the fact that particle-hole symmetry is not fully restored 
at low energy in the SBMFT approximation. Because of 
the large value of we took (in order to satisfy < I) 
the dot occupation Ud starts slightly deviating from 1 
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FIG. 3: Conductance between lead L and lead (in units of 
2e^ /h) as a function of temperature when the density of states 
in the grain is tuned on resonance (curves denoted as R) and 
out of resonance (curves denoted as NR). Three cases were 
considered: ^ 0.15 (lower plain style and upper long 

dashed curves), Ck/^ ~ 5 (lower dashed and upper dot-dashed 
curves). We compare these curve to the non interacting case 
corresponding to = = (dotted lines). The level spacing 
A is indicated by an arrow on the x axis. 



which explains why the unitary limit is not fully restored 
at low T. 

Similar results can be obviously obtained by analyzing 
the conductance Glr despite the fact that the ampli- 
tude of Glr will be in general smaller than Glo by a 
factor ^/Tl^r/Tq. In fact, the conductance Glr. can 
be made significantly larger by adjusting the chemical 
potential /io such that (Io) — 0. The grain or OFSW 
density of states po can then be controlled by a small 
orbital magnetic field or by gating the grain. In the lin- 
ear response regime, this can always be realized provided 
Mo = (GloMl + Groij,r)/{Glo + Gro). In this sense, the 
geometry becomes a two-terminal one. More generally, 
one can also show using a general non-equilibrium ap- 
proach following Ref. [la| that there is a unique value of 
/io such that Jq = 0. Note that for a symmetric device 
(between left and right) and pL = —fJ-R = eV/2, symme- 
try considerations imply Iq — for fiQ = 0. For voltages 
smaller than the smallest energy scale of the problem (T^ 
or 7„), we can safely use the simplified Meir-Wingreen 
formulafiSi This "two-terminal like " conductance then 
reads: 



G 



(2) 
LR 



2e^ 
h 



where Tlr ^ 



dhJ 



-df 



TLR{L^)Im.{G:id)i^), (18) 



We have added the index (2) 
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to distinguish it from the 3-terminal conductance. Con- 
trary to Eq. ifTTjl . this equation is exact and does not 
rely on a mean-field approximation. Under the approxi- 
mation ii, tfl: ^ ^0; one may relate the exact dot Green's 
function to the on shell T-matrix associated with the 
scattering problem of an electron in lead by the dot: 
T(e) « t^G^^ such that: 



2e2 
h 



du;J r„(c.) (-^PoHMTM)). 

(19) 

We see that by adjusting /xq such that Iq = 0, the ampli- 
tude of G\^j^ can be made of the order of Glo- We have 
checked that g'^1\{T) has the same features as Glo{T) 
as it should be. 



S. Nozieres ' Fermi liquid approach 

Equation may be good starting point to analyze 
the finite-temperature Fermi liquid correction to the uni- 
tary limit. In the Fermi liquid approach the on-shell 
T-matrix is expanded at low T as a function of lu and 
T. Here new energy scales are introduced and this ex- 
pansion must be done with care. Let us start with the 
off-resonance case where at low energy po(lu) ^ const. 
In this case, one can safely use the usual T- matrix 
expansioni^ 



TTpo{uj)Im(T(uj)) « 1 — 



(20) 



We then recover the standard Fermi liquid corrections 



(2) 



J' NR. 



(21) 



where G 



(2) 



^VlTr/{Vo{TlTr)) . Therefore the off- 



resonance conductance always decreases at low tempera- 
ture as depicted in Fig. El However the situation is more 
subtle when po is on a resonance. 

In order to perform an expansion of the on-shell T- 
matrix analogous to Eq. (12011 . one should first pay at- 
tention to the new energy scale 7„. When ^ T, one 
may reproduce the same expansion as in Eq. lf2?Hl 
remains qualitatively valid provided we replace T^^ by 
T§. Reporting together both Eqs ll^ and itT^ in Eq. 
Ill9p and performing a Sommerfeld expansion, we find: 



dlUT)^G);>\i + ^-'T 



(2) 



1 



3(7« 



(22) 



We find two opposite contributions to the conductance at 
low temperature: the usual negative one coming from the 
T-matrix expansion and a second positive one depending 
on the resonance width. The latter has nothing to do 
with interactions and is simply an effect of quantum in- 
terference analogous to the Fano resonance recently seen 



in quantum dot experimentsiSfi For a narrow resonance 
satisfying 7„ <C Tk, the conductance increases at low 
T ^ 7„. On the other hand, for a broad resonance, we 
recover the usual situation. Note that this value sug- 
gests an intermediate value of 7„ where the T^ correc- 
tions cancel. For the 3-terminal conductance matrix, we 
can perform a similar analysis starting from Eq. ifTzjl 
which can be regarded as a good approximation of the 
conductance in Nozieres' Fermi liquid regime and obtain 
almost similar conclusions. 



3. High temperature 

At temperature higher than the Kondo temperature 
T ^ T^, perturbation theory in the Kondo couplings 
can a priori be used. We therefore start directly from 
the Kondo Hamiltonian written in Eq. @ In order to 
compute the conductance between the left lead and lead 
0, we use the renormalized perturbation theory. At low- 
est order, the conductance reads: 



2e2 3^2 



LO 



duj 



-Of 
duj 



pLPo{uj) (23) 



When Tj^ ^ A, one may replace po by its average value 
and Jlo by its renormalized coupHng and the high tem- 
perature conductance takes its standard scaling formal 



G 



LO 



G 



LO 



3^716 
In^T/T") 



, T > T^^ > A (24) 



)' 



K 



where f[x) is a universal scaHng function such that 
J{x ^ 1) ~ i and G^o has been defined in Eq. 

m- 

Let us consider the more interesting situation where 
< A. Suppose the bandwidth is reduced from ±Ao 
(where Aq = 4i here) to ±A, the renormalization of the 
Kondo coupling is well approximated by: 



7^o 



Jlo(A) 



«/lo(Ao) + - Jlo-^oo 



-A 



-Ao 



duP^. (25) 



When A ^ A, the integral in Eq. II25|I averages over 
many peaks in the LDOS po and we obtain the usual 
result for the Kondo model with a constant density of 
states. It implies that in the limit T ^ A, the result 
in Eq. Ij24|l remains valid independently of Po{ijj) being 
tuned on or off a resonance. 

On the other hand, when A ^ A, the integral in 
Eq. II25|I becomes strongly dependent on po- When 
po is tuned off a resonance and for A ^ T ^ T^^, 
the result in Eq. (|2Hl remains approximately valid pro- 
vided we replace by T^^ defined in Eq. lfTT|l such 
that Glo(T) = Guf{T/T^^). When po is tuned on 
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a resonance that we assume for convenience to be at 
uj = Ep = 0, only the variation of the LDOS in the 
vicinity of Ep matters such that we further approximate 
the LDOS using Eq. II15|I . The renormahzation group 
equation in Eq. Ij25|l may be integrated in two steps, 
first between Aq and A where the variations of the LDOS 
average out and then between A and A where 



Jlo(A) 



1 



Jlo(A) + -Jio(A)Joo(A)po(0)hi 



1 + -^ 



In 
A2 

(26) 

where we assumed 7„ ^ A. At A ^ A, the Kondo 
couphngs renormahze following the RG equations given 
in Eq. jSJ. At the scale A, the Kondo couplings have 
been weakly renormalized and one may use the RG equa- 
tions given in Eq. ^ that imply Jlo(A) « ^ Joo(A). 

''0 

Using this approximation and the definition of the on- 
resonance Kondo temperature in Eq. the conduc- 

tance at A > r 7„ reads 



G 



LO 



Gi 



3^2 



16 



(T5) 



T 



ln(l + j^) 
ln(l 



(27) 

The high temperature on-resonance conductance takes a 
more complicated form that the one given in Eq. II24|I . 
Notice nonetheless that the multiplicative factor (1 + • • •) 
appearing in Eq. is 0(1) since T :^ T§ ^ Oi-j). 



C. Scaling analysis 

Prom the low and high temperature analysis, we have 
seen that the conductance matrix elements cannot be in 
general simply written as a simple universal scaling func- 
tion of T/T^ both at high and low temperature. This is 
particularly striking when po was tuned on a resonance 
characterized by the width 7„ (see Eqs ll22)l and ll27jl V 

In general, one would expect 



D. Finite grain Coulomb energy 



In this section, we discuss whether a finite grain 
Coulomb energy modifies or not the results presented 
in this work. As we already mentioned in section 2, 
the Kondo coupling Jqo, is almost not affected by the 
grain Coulomb energy Eq (since Eg ^ U) and therefore 
the Kondo temperature remains almost unchanged. As 
shown iniSiSiSi, a smah energy scale Eq changes the 
renormahzation group equation in Eq. The off- 

diagonal couplings Jol(A), Joi?(A) tend to for A <C Eq. 
At energy A ^ Eg the problem therefore reduces to 
an anisotropic 2— channel Kondo problem. The strongly 
coupled channel is the grain 0, the weakly coupled one is 
the even combination of the conduction electron in the 
left /right leads. At very low energy, the fixed point of the 
anisotropic 2— channel Kondo model is a Fermi liquid. It 
is characterized by the strongly coupled lead (here the 
grain) screening the impurity whereas the weakly cou- 
pled one completely decouples from the impurity. The 
dot density of states depicted in Fig. [2 remains therefore 
almost unaffected. The on and off-resonance Kondo tem- 
peratures and given in Eqs ifTTHl and ifTTll remain 
vahd too. The problem is to read the dot LDOS with 
the weakly coupled leads since they decouple at T = 0. 
Nevertheless, for a typical experiment done at low tem- 
perature T, such a decouphng is not complete and the 
dot density of state should be still accessible using the 
weakly coupled leads but with a very small amplitude. 

In this paper we analyze the situation in which a grain 
or a finite size wire is also used as a third terminal. In 
some situations, hke the theoretical one presented in [T^ . 
no terminal lead is attached to the grain and the geome- 
try is a genuine 2-terminal one. Taking into account both 
a finite level spacing and a finite grain Coulomb energy is 
quite involved (with several different regimes) and goes 
beyond the scope of the present paper. A step into this 
direction was recently achieved in Ref. [2fl| . 



K 



T 



(28) 



In the high temperature regime, this scaling function 
takes a simple form and simply reads /(T/Tk) where 
Tk either equates when A ^ or can be simply 
expressed as a function of T]^,A,7„ (see eqs ifTfljl and 
CU). Nevertheless, at intermediate or low temperature, 
the conductance in Eq. (j28ll takes a complicated scaling 
form which depends on 7„/r and is in this sense non uni- 
versal. It depends on the geometric details of the sample, 
at least for bare Kondo temperature of the order or 
smaller than the level spacing A. A similar conclusion 
has been reached by Kaul et ali^ by assuming a chaotic 
large quantum grain and explicitly calculating the fiuctu- 
ations and deviations from the universal behavior taking 
into account mesoscopic fluctuations. 



IV. CONCLUSIONS 



In this paper, we have studied a geometry in which a 
small quantum dot in the Kondo regime is strongly cou- 
pled to a large open quantum dot or open finite size wire 
and weakly coupled to other normal leads which are sim- 
ply used as transport probes. The artificial impurity is 
mainly screened is the large quantum dot. Such a geome- 
try thus allows to probe the dot spectroscopic properties 
without perturbing it. We have shown combining sev- 
eral techniques how finite size effects show up in the dot 
density of states and in the the conductance matrix. We 
hope the predictions presented here are robust enough to 
be checked experimentally. 
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